Abstract The effect of the frequency and power of the bias applied to the substrate on plasma properties in 60 MHz (VHF) magnetron sputtering was investigated. The plasma properties include the ion velocity distribution function (IVDF), electron energy probability function (EEPF), electron density ne, ion flux Γi, and effective electron temperature T eff . These parameters were measured by a retarding field energy analyzer and a Langmuir probe in the 60 MHz magnetron sputtering, assisted with 13.56 MHz or 27.12 MHz substrate bias. The 13.56 MHz substrate bias led to broadening and multi-peaks IVDFs, Maxwellian EEPFs, as well as high electron density, ion flux, and low electron temperature. The 27.12 MHz substrate bias led to a further increase of electron density and ion flux, but made the IVDFs narrow. Therefore, the frequency of the substrate bias was a possible way to control the plasma properties in VHF magnetron sputtering.
Introduction
Magnetron sputtering is a widely used method to deposit thin films [1, 2] . In order to control the structure and property of the films deposited by magnetron sputtering, many new techniques have been developed. The examples include the deposition of nanocrystalline films using pulsed-DC magnetron sputtering [3] , the deposition of polycrystalline films using very-high-frequency (VHF) magnetron sputtering [4] , the formation of crystalline film using ICP-assisted magnetron sputtering by producing the sputtered species with high degree and high density [5−7] , as well as the control of crystallization, microstructure, and property of the films by substrate bias [8, 9] . Recently, the influence of bias frequency applied to the substrate on film deposition has also attracted much attention. Lee investigated the effect of substrate bias frequencies (2 kHz, 20 kHz, 50 kHz and 80 kHz) of pulsed DC reactive magnetron sputtering on the structures and properties of pure CrN film, and found that the increase of bias frequency and bias reverse time led to the increase of substrate bias current, thus strongly affecting the coating properties [10] . However, due to the lack of a measurement of ion energy distribution and plasma property, the mechanism on bias frequency effect is seldom reported.
In this work, the ion velocity distribution function (IVDF), electron energy probability function (EEPF), electron density n e , ion flux Γ i , and effective electron temperature T eff were measured using a retarding field energy analyzer and a Langmuir probe. These measurements were carried out in a 60 MHz VHF magnetron sputtering assisted with radio-frequency (RF) 13.56 MHz or 27.12 MHz substrate bias. The effects of bias frequency and power on IVDF, EEPF, and other plasma parameters have also been discussed. Fig. 1 shows a schematic diagram of the VHF magnetron sputtering. In this system, the circular iron target cooled by water was placed at the top of chamber with an angle of 45 degrees, playing the role of discharge cathode. The substrate holder (with a diameter of 100 mm) made of stainless steel was placed at the bottom of the chamber. The distance between the center of target and the substrate holder was 70 mm. The sputtering target was driven by a 60 MHz VHF source with an input power of 150 W (the reflected power of 25 W). On the substrate holder we applied a 13.56 MHz or 27.12 MHz RF bias with the input power of 40 W, 80 W, 100 W and 120 W (corresponding the reflected power of 0 W, 0 W, 10 W and 15 W). The wall of the chamber was electrically grounded. The system was evacuated with a 600 L/s turbo-molecular pump backed up with a mechanical pump, arriving at a base pressure of less than 5×10 −4 Pa. Argon was then inlet into the system with a flow rate of 30 sccm. The discharge was produced at an operating pressure of 4.7-5.0 Pa. The ion velocity distribution function (IVDF) measurements of positively charged ions were carried out using the Semion HV-2500 retarding field energy analyser (RFEA) at the substrate holder. The details and operating condition of RFEA have been described in Ref. [11] . The RFEA consists of a series of electrically isolated grids G0, G1, G2, and an ion collector plate, all positioned along the ion beam path. The first grid G0 is electrically connected to the body. The second grid G1 is biased negatively (with respect to G2) to repel electrons that may enter the orifice. The third grid G2 is swept to provide the ion retarding potential. Only those ions with energies higher than the voltage on the grid G2 are detected. The measurements of ion distribution, by retarding field devices, represent the ion velocity distribution function (IVDF) in a forward direction [12−15] . The IVDF is described by the formula [14−15] :
Experimental setup
where m i is the mass of the ions, e is the electron charge, T g is the total geometrical transparency of grids, A 0 is the total open area of the entrance orifice, I c is the detector current, and ϕ r is the retarding grid potential. A RF compensated cylindrical Langmuir probe (Hiden Analytical, ESPion) was used to measure the EEPF, n e , T eff and Γ i in the downstream zone. The distance between the probe tip and the substrate holder was about 2 cm. Because the maximum sheath width is about 0.8 mm (calculated using the Eq. (8), as shown later), the probe tip was located at the bulk plasma and not in the sheath. The details and operating condition on Langmuir probe measurement have also been described in Ref. [11] . According to the probe I-V curve, the electron energy distribution function (EEDF) g e (ε) is obtained from the Druyvesteyn formula [16, 17] :
where m e is the electron mass, V and I are the probe voltage and current, and A p is the probe surface area. The EEPF g p (ε) is related to the EEDF g e (ε) as
The n e and T eff are determined as corresponding integrals of the EEDF from the following formulae [17] :
The Γ i is determined from the following formula:
where (kT e /m i ) 1/2 is the Bohm velocity and n i is the ion density, which is estimated from the I-V measurements, but this technique may give strongly underestimated values. Because sputtering discharges may lead to the generation of Fe + from the target except for Ar + , the ion mass m i is very difficult to measure and only the ion mass of Ar + (m i = 40) is used to estimate the Γ i in the Eq. (6). Fig. 2 shows the IVDFs of pure 60 MHz VHF sputtering discharge and the VHF sputtering assisted with 13.56 MHz and 27.12 MHz substrate bias, where the input powers of the VHF sputtering and the bias are chosen as 150 W and 80 W, respectively. For the pure 60 MHz VHF sputtering, the IVDF takes a uni-modal shape with a maximum at about 27.9 eV, as shown in Fig. 2(a) . If the 13.56 MHz bias is applied to the substrate, the IVDF becomes a multi-modal structure, covering an ion energy range of 0 eV to 80 eV, as shown in Fig. 2(b) . If the 27.12 MHz bias is applied to the substrate, then the IVDF still takes a uni-modal shape but it expands to low-energy and high-energy regions simultaneously, forming a broadening peak. The ion energy covers a range of 0 eV to 50 eV, as shown in Fig. 2(c) . Therefore, the bias frequency has a large influence on the ion energy distribution on the substrate. A lower bias frequency can cause the divergence of the ion energy, while this divergence can be suppressed by increasing the bias frequency. Fig. 3 shows the EEPFs of pure 60 MHz VHF sputtering discharge and the VHF sputtering assisted with the 13.56 MHz and 27.12 MHz substrate bias. For the pure 60 MHz VHF sputtering, the EEPF shows a weak bi-Maxwellian distribution, indicating that some high energy electrons co-exist with the low energy electrons. If a bias is applied to the substrate, however, the EEPFs exhibit a Maxwellian distribution. This EEPFs transition is related to the production of high density plasma. Because the RF noise cannot be completely filtered during the Langmuir probe measurement, some highenergy tails can be seen. Fig. 4 shows the variations of n e , Γ i , and T eff with the bias frequency. Without the bias, the n e , Γ i and T eff are 5×10
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15 m −3 , 1.4×10 20 m −2 ·s −1 and 2.9 eV, respectively, indicating that the VHF sputtering produces a plasma with lower density and higher electron temperature. As the 13.56 MHz bias is applied to the substrate, the n e sharply increases to 1.7×10 17 m −3 , the Γ i increases to 2.5×10 20 m −2 ·s −1 , while the T eff decreases to 2.1 eV. As the bias frequency is increased to 27.12 MHz, the n e further increases to 2.2×10 17 m −3 , Γ i increases to 2.9×10 20 m −2 ·s −1 , but T eff has very small variation of about 2.1 eV. Therefore, the RF substrate bias leads to the production of plasma with higher density and lower electron temperature. The increase of bias frequency can lead to a further increase of the plasma density and ion flux but has a small influence on the electron temperature. 13 .56 MHz substrate bias, the increase of bias power leads to the expansion of the multi-modal IVDFs to the high energy region. As the bias power increases from 40 W to 100 W, the maximum cut-off energy expands from 69.9 eV to 89.4 eV. When the bias power is above 120 W, the maximum cut-off energy is above 90 eV. Thus, the increase of bias power causes a serious divergence of the ion energy. For the 27.12 MHz substrate bias, however, the case is different. The increase of bias power from 40 W to 120 W leads to an increase of the maximum cut-off energy from 46.3 eV to 62.9 eV but the broadening uni-modal structure of IVDFs remains. Therefore, the bias power has a slight influence on the IVDFs structure but enhances the divergence of the ion energy. Fig. 6 exhibits the evolution of EEPFs with bias power for the VHF sputtering assisted with the 13.56 MHz and 27.12 MHz substrate bias. The EEPFs all exhibit the Maxwellian distribution, indicating the well uniformity of the electron energy. This EEPFs structure is also related to the production of high density plasma. Fig. 7 shows the variations of n e , Γ i and T eff with the bias power. For the 13.56 MHz substrate bias, the increase of bias power causes the increase of n e and Γ i , as well as the slight decrease of T eff . While for the 27.12 MHz substrate bias, the increase of bias power still causes the increase of n e and Γ i but has less influence on T eff . At a bias power of 120 W, the n e are 2. (27.12 MHz bias), but the T eff are all close to 2.0 eV. Therefore, the increase of bias power can increase the plasma density and ion flux but has a small influence on the electron temperature. 
Discussion
The results show that for the VHF magnetron sputtering assisted with an RF substrate bias, both the bias frequency and power have a significant influence on the plasma's properties. The increase of bias frequency makes the IVDFs narrow, and increases the plasma density and ion flux. The increase of bias power also increases the plasma density and ion flux but it has a small influence on the IVDF shape, and only causes the broadening of IVDFs to the high-energy region. The possible reasons for these changes are discussed as follows.
The VHF magnetron sputtering discharge generates a capacitively coupled plasma (CCP), while the substrate bias discharge also produces a capacitively coupled plasma, thus the RF substrate bias-assisted VHF magnetron discharge is a kind of dual-frequency CCP discharge. For this dual-frequency CCP discharge, the plasma boundary sheaths can simultaneously be generated near the target and the substrate. In this work, the frequency and the power of VHF magnetron sputtering were all fixed while that of substrate bias was changed. Therefore, the substrate sheath is a major factor influencing the plasma's property.
The substrate sheath is a gradual transition from electron depletion (n e << n i ) to quasi-neutrality (n e ≈ n i ). Since an RF bias is applied to the substrate, the transition is controlled by the RF modulation [18−20] , thus directly affecting the sheath potentials. For the electrons in the plasma bulk, the sheath potential looks like a wall that confines the low-energy electrons whose energies are less than the sheath potential [21] . The trapped low-energy electrons move back and forth between the target and the substrate sheaths until they escape from the bulk plasma. On the other hand, the unconfined high-energy electrons can be directly lost at the substrate [21, 22] . Thus, the RF substrate sheath influences the generation and loss of the electrons. For the ions, the RF sheath potential and sheath thickness influence the ions diffusing or drifting out of the plasma [23] ; thus, the IVDF shape is determined by the τ i /τ rf ratio of ion transit time τ i across the sheath to the RF period τ rf [24] .
Bias frequency effect
In terms of theV s = V p -V f , the mean substrate sheath potential dropV s of the electrically floating substrate is estimated [13, 25] . Fig. 8 shows the change ofV s with bias frequency.
Without the substrate bias, the substrate sheath potential is very small, thus more electrons from the bulk plasma can be easily lost at the substrate, leading to a lower bulk plasma density [26] . Thus, in the bulk plasma, the electron-electron collision frequency is lower. As a result, the ambipolar diffusion loss of low-energy electron group confined by the low plasma potential, and the direct thermal loss of high-energy electron group, dominate the plasma simultaneously, leading to the weak bi-Maxwellian EEPF [22] . Fig.8 Variation of Vp -V f and the τi/τ rf ratio with bias frequency
As the 13.56 MHz bias is applied to the substrate, the substrate sheath potential increases, and more electrons with higher energy are confined in the bulk plasma. The bulk cooling of these electrons within the bulk plasma through excitation collision or ionization collision is expected. Therefore, the bulk cooling of high-energy electrons as well as the decrease of electron loss at the substrate contributes to the increase of electron density [21] . The increase of electron density leads to the enhancement of electron-electron collisions, thus thermalizing themselves. As a result, the EEPFs evolve into a Maxwellian distribution. Moreover, the electrons trapped between the cathode and the substrate sheaths have more chances to collide with neutrals, leading to the increase of ion flux. As the bias frequency was increased to 27.12 MHz, the substrate sheath potential only has a small increase; thus, leading to a slight increase of plasma density and ion flux.
Because the IVDF shape is determined by the τ i /τ rf ratio [24] , the ion transit time τ i is estimated from the following formula:
where M i is the ion mass (here, M i = 40 for Ar + ) ands is the mean sheath width. Using the collisionless ChildLangmuir law, the mean sheath widths can be obtained as follows [24, 27] :
where ε 0 is vacuum permittivity, andJ i is the ion current density in the sheath. The change of the τ i /τ rf ratio with the bias frequency is also shown in Fig. 8 . It can be seen that the τ i /τ rf ratios are all large for the pure VHF magnetron sputtering and the 27.12 MHz bias-assisted VHF magnetron sputtering. This means that the transit times are longer compared with the RF period, thus the ions experience a time averaged sheath potential, leading to a single peak IVDF [28] . While for the 13.56 MHz bias-assisted VHF magnetron sputtering, the τ i /τ rf ratios reduce; thus, the ions are accelerated in the RF modulated sheath by the sheath potential, resulting in the formation of multi-peak IVDF. The generation of several peaks depends on the start position and start phase of the ions entering the sheath [29, 30] . Fig. 9 shows the change ofV s with bias power. It can be seen that with increasing bias power, whether for 13.56 MHz or 27.12 MHz bias, the substrate sheaths potential all increase slightly. Therefore, the electrons confined in the bulk plasma can slightly increase, leading to an enhancement of the electron-electron collisions. As a result, the bulk cooling of these electrons within the bulk plasma can be enhanced, leading to a slight decrease of T eff and the Maxwellian EEPFs. Fig. 9 also shows the change of τ i /τ rf ratio with bias power. It can be seen that with increasing bias power, whether for 13.56 MHz or 27.12 MHz bias, the τ i /τ rf ratios all reduce. This means that the effect of sheath potential on the ions accelerated in the RF modulated sheath is enhanced. Therefore, the IVDFs broaden to the high-energy region. Fig.9 Variation of Vp -V f and the τi/τ rf ratio with bias power
Bias power effect
As for the type of ions and the valence state, the change of bias frequency and power may lead to their few changes because during the transport of the ions through a collisional sheath the new ions may be created in the sheath by symmetric charge exchange [29, 30] In this work, the change of bias frequency has a significant influence on IVDF, while the increase of bias power also leads to the broadening of IVDF to the high-energy region. Therefore, few changes of the type of ions and the valence state are possible However, because of the lack of a mass spectrometry diagnostic on the type of ions, no details can be presented here.
In addition, the distance between the target and substrate may also influence the plasma's property. In the magnetron sputtering, the sputtered atoms ions and the secondary electrons from the target will diffuse to the substrate. During the diffusion of these species to the substrate, they have covered enough distance to experience charge transfer collisions in the bulk plasma [11] ; therefore, influencing the plasma density, the ions entering the substrate sheath and the IVDF
Conclusions
This work investigated the effect of frequency and power of the bias applied to the substrate on plasma properties in 60 MHz VHF magnetron sputtering. The plasma properties include the ion velocity distribution function, electron energy probability function, electron density n e , ion flux Γ i , and effective electron temperature T eff . These parameters were measured by a retarding field energy analyzer and a Langmuir probe in the 60 MHz magnetron sputtering assisted with 13.56 MHz or 27.12 MHz substrate bias. For the pure VHF magnetron sputtering discharge, the low electron density and ion flux, the high electron temperature, the weak bi-Maxwellian EEPF, as well as the uni-modal IVDF were obtained due to the lower substrate sheath potential and the large τ i /τ rf ratio. The 13.56 MHz substrate bias leads to the broadening and multi-peak IVDFs, the Maxwellian EEPFs, as well as the high electron density, ion flux, and the low electron temperature due to the decrease of τ i /τ rf ratio and the increase of substrate sheath potential. The 27.12 MHz substrate bias causes a further increase of electron density and ion flux but makes the IVDFs narrow due to the increase of τ i /τ rf ratio and substrate sheath potential. Therefore, adjusting the frequency and power of the substrate bias was a possible way to control the plasma properties in VHF magnetron sputtering.
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